ABSTRACT For this paper, an educational computer game called Ecoship Endeavour was designed based on the guidelines of the inquiry, communication, mystery, decision making, challenge, and rewards (ICMDCR) framework to help facilitate critical thinking skills in students. To examine the effectiveness of the proposed digital game-based learning (DGBL) approach, a quasi-experiment was conducted in the units of ''food relationship among living things'', ''life processes in plants'', and ''energy'' of an elementary science course. A total of 127 fifth grade students (females only) from four classes consented to participate in this learning activity. Two classes (N = 62) were assigned to the experimental group and guided by the developed game, and the other two classes (N = 65) were allocated to the control group and taught by the conventional method of science teaching. The experimental results revealed that Ecoship Endeavour significantly improved the critical thinking skills of students; however, it was also revealed that the DGBL activity had no significant effects on students' learning motivation and self-efficacy for science learning. Finally, more research is needed to examine the instructional benefits of the proposed method with more inclusive research samples consisting of both male and female learners. The outcome of this research may help researchers, teachers, and practitioners in the educational sector to evaluate the effectiveness of serious games in facilitating students' critical thinking.
I. INTRODUCTION
Promoting learners' critical thinking can equip them with the skills required to face the challenges and demands of the 21st-century and grow learners into more active and informed citizens [1] , [2] . Critical thinking is a form of higher-order thinking that involves a systematic approach toward challenges based on a deep understanding of the topic at hand, collecting all the relevant information, drawing conclusions, and proposing solutions as a result of evaluating and analyzing the issues being addressed [3] , [4] . Proficiency in critical thinking is associated with reflective thinking and skillful judging [5] , success in undergraduate education [1] , and is considered a key skill for business leaders [6] .
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Although there is an overwhelming consensus among researchers and educators with respect to the significance of critical thinking, a lot of students at the college level demonstrate poor critical thinking, which indicates that they are graduating high school with worryingly low levels of critical thinking [3] , [7] , [8] , particularly in the domain of science learning [9] . A key reason for students' poor utilization of critical thinking is often attributed to the traditional method of schooling, which places great emphasis on test scores [10] and lacks exposure to complex problem-solving tasks [11] , [12] . Fortunately, evidence suggests that critical thinking is not an innate ability but a set of skills that can be taught and learned [13] - [16] . Additionally, findings from previous research studies show that using computer technology in learning can foster students' critical thinking [17] , [18] . VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ Among various technology-enhanced learning methods, Digital Game-Based Learning (DGBL) has been recognized as an effective method to provide learners with an enjoyable, interactive and challenging environment [19] , [20] . DGBL is a student-centered learning activity based on the incorporation of video games in learning content to achieve educational goals [20] - [22] . Researchers and practitioners in the education sector have pointed out that this instructional approach could foster students' problem-solving abilities [23] and fosters their critical thinking skills [24] , [25] .
Although computer games are a very popular medium of entertainment among young people [26] , researchers have maintained that the process of engineering an educational computer game is a challenging task that requires careful planning. Without proper integration of teaching strategies, the effects of DGBL could be detrimental to students' learning and motivation [19] , [22] , [27] .
Consequently, in the present study, a role-playing game named Ecoship Endeavour is developed based on the guidelines of the Inquiry, Communication, Mystery, Decision making, Challenge and Rewards (ICMDCR) framework proposed by [29, in press] to promote students' critical thinking skills. To examine the instructional effectiveness of the proposed approach an experiment has been conducted on the ''food relationship among living things'', ''life processes in plants'', and ''energy'' units of an elementary science course to investigate the following research questions: 1) Do the experimental group students who use the proposed game Ecoship Endeavour demonstrate better critical thinking skills than control group students who learn with the traditional method of teaching? 2) Do the experimental group students who use the proposed game Ecoship Endeavour demonstrate higher motivation for learning than control group students who learn with the traditional method of teaching? 3) Do the experimental group students who use the proposed game Ecoship Endeavour demonstrate better self-efficacy for science learning than control group students who learn with the traditional method of teaching? The remainder of the current article is structured as follows: Section II examines the relevant literature in the field of educational computer games, section III elucidates the design and development of the proposed DGBL application, section IV describes the experimental design which guided the present study, in section V the experimental results and analysis are presented, and section VI demonstrates discussions between different methods, highlights directions for potential future studies and concludes the paper.
II. LITERATURE REVIEW A. DGBL FOR SCIENCE LEARNING
As research in DGBL grew in volume and attracted significant attention, especially in the area of science, a number of literature reviews examined the effects of DGBL on students' science learning. For example, Li and Tsai [29] reviewed 31 articles ranging from 2001 to 2011 and found that the majority of studies were utilized to facilitate science knowledge construction in students, while less than one-third of the included articles focused on other aspects of science learning such as problem-solving. Similarly, 53 articles from 2002 to 2013 were evaluated by Cheng et al. [30] and revealed that the center of attention for most researchers was the role of DGBL applications in enhancing students' science knowledge construction, while other areas of learning such as the development of critical thinking skills that can optimize individuals for 21 st -century demands received limited research interest. Moreover, in a recent research synthesis, [31] examined the empirical evidence from 23 research article ranging from 2006 to 2017. The findings of their analysis suggest DGBL applications are primarily employed to support learners' knowledge comprehension while other domains such as critical thinking, problem-solving, and creativity receive scant research interest.
Over the past few years, a number of individual studies have pointed out that the utilization of serious games in the domain of science could improve students' critical thinking capabilities. For example, [25] carried out a 19 weeks quasi-experimental study where 67 seventh grade students were allocated to one of two groups-an experimental group consisting of 32 learners who were asked to design their digital games and a control group where the remaining 35 students developed Flash animations. The analysis of the post and delayed test results showed that critical thinking skills in students who engaged in the experimental activity were significantly higher than those in the control group. Further, an inquiry-based ubiquitous gaming approach was developed by [24] to investigate the effectiveness of this learning mechanism on a number of factors, chief among them being the advancement of learners' critical thinking tendency. The findings showed that students in the experimental group exhibited a significantly higher tendency to think critically compared to the students in the control group, which suggests learning with the inquiry-based gaming enhances critical thinking tendency to a higher extent than conventional inquiry-based learning.
However, the above-mentioned benefits that students achieved by participating in DGBL activities have not always resulted in positive outcomes for a number of reasons. Firstly, researchers' interest into cultivating the appeal and wide popularity of video games for educational purposes is still in its infancy; this observation is particularly true for science education due to the limited number of studies that have explored this area. In fact, Young and colleagues [32] reported that more research is required to ascertain if DGBL is an effective and viable teaching method in the domain of science education. Secondly, Qian and Clark stated in [33] that there is a surge of interest in critical thinking; however, most of the research conducted in this area focused on post-secondary education. Finally, although [24] , [25] provided valuable insights into the effects of gaming on students' critical thinking capabilities there are a few limitations 96310 VOLUME 7, 2019 intheir research design or outcomes. For instance, the former study based their findings on a relatively small number of participants (67, seventh-grade students), while the later relied on a self-reported survey to evaluate learners' tendencies to think critically. Given the mixed results regarding the potential effects of DGBL in the area of science learning, and the limited research on the promotion of critical thinking competencies in K-12 education, a study is needed to evaluate the relative effectiveness of the DGBL method in fostering students' critical thinking capabilities in the area of science in the early years of education while addressing the challenges of previous research studies.
B. EDUCATIONAL DGBL FRAMEWORK
A number of scholars have pointed out the significance of incorporating proper learning methods when designing educational computer games [27] , [34] . In addition, [29] contended that in game-based science learning, particularly in the domain of critical thinking, there was a paucity of research that investigated the effectiveness of educational computer games that was designed to correspond to a set of specific learning principles and guidelines.
Therefore, to address the abovementioned concern, [29, in press] developed the ICMDCR framework in an attempt to promote students' critical thinking abilities in the domain of science. The proposed framework is comprised of six components as detailed in Table 1 , and based on the Inquiry, Communication, Construction, and Expression (ICCE) model proposed by [35] Furthermore, the pedagogical effectiveness of this framework has been evaluated by a small scale study conducted by [29, in press], where students' feedback showed that learning with games based on the ICMDCR framework has a promising potential to promote students critical thinking competencies.
III. DEVELOPMENT OF ECOSHIP ENDEAVOUR
In this study, a role-playing game called Ecoship Endeavour was developed based on the guideline of the ICMDCR framework to help students improve their critical thinking skills. The game was implemented with Construct 2 developed by Scirra LTD; the authors chose Construct2 game engine due to its ability to run smoothly across multiple platforms without the need for high-end software (e.g., Windows XP service pack 3 or newer), and hardware (e.g., 512 MB RAM,1 GHz processor, and HTML5 compatible browser).
During the learning activity, inquiry is manifested when students explore and navigate the learning environment, collect items, and answer multiple-choice questions. The proposed game is played collaboratively to facilitate students' communication skills, seamless flow of information, and discussion of ideas. In order to encourage students to consider more than one possible solution and engage in critical thinking, the game included a decision-making component where students' game experience is influenced by the decisions they make while playing the game. Additionally, to keep students pleased and curious, the information provided in the game does not allow them to predict future game events, which adds an element of mystery to the gaming experience. The difficulty of the gaming missions in Ecoship Endeavour increases as students advance in the game which should facilitate their ability to use problem-solving skills. To prevent students from losing interest, Ecoship Endeavour provides scaffolds (e.g., feedback and hints) to learners in order to ensure that students can access help whenever they need it. Finally, when students finish a gaming level, they receive rewards in the form of points, stars, and positive encouragements to provide them with a sense of completion and advance peers competition.
The storyline of the game is concerned with two alien robots who visit earth from a distant planet that suffers from VOLUME 7, 2019 a sharp decline in organic life and environmental problems. Therefore, the alien robots sat on a journey to visit this planet to teach its young scientists that if they wish to protect the earth for future generations, they are required to improve their science skills. The alien robots are tasked with teaching young scientists the following: (1) food relationship among living things (e.g., food chains, food webs, and how the population of animals in a food web is based on other animals), (2) plant characteristics (e.g., protection, survival, and seeds dispersal), and (3) energy (e.g., renewable energy, and non-renewable energy).
The game is comprised of three levels that correspond to the three topics being taught in the game. Each level consists of a number of missions and two gaming scenarios depending on the choices made by the players. For example, in the first level, one of the gaming missions is related to food webs, which includes a visit to a forest. The main purpose is to let students understand and examine the dynamics of a forest food web. Fig 1 shows a detailed flow of one of the gaming missions in the second level that is related to plant adaptation, which includes a visit to a farm in the present where plants can defend themselves and a trip to a farm in the future where plants have lost the ability to defend themselves against predators. The main purpose of this gaming activity is to help students recognize the significance of plant defense. Finally, in the third level, one of the gaming missions is related to renewable energy, which includes a visit to a hardware store where students collect a number of devices that could harness the energy of the sun and wind and then install these devices in a town where people suffer from power outages. The main objective of this mission is to assist students in realizing that renewable energy can be cultivated from nature, and used in our daily life activities.
IV. EXPERIMENTAL DESIGN
To investigate the instructional benefits of the proposed method on learners' critical thinking, learning motivation, and self-efficacy for science, an experiment was conducted in an elementary school science course.
A. PARTICIPANTS
The research sample consisted of 127 fifth-grade students from four classes of a public school in Kajang district, Malaysia. The sample was ethnically diverse (i.e., Malaysians, Chinese, and Indians) and from middle-income households. The whole sample was comprised of female participants, and the average age of the participants was 11 years old. Two classes were allocated to the intervention group (N = 62), and two classes were assigned to the comparison group (N = 65). The experimental group received instructions via the proposed DGBL approach, while the control group was guided by the conventional method of science teaching.
B. RESEARCH TOOLS
The critical thinking pre-and post-tests were based on Yeh's [36] - [38] critical thinking evaluation measure which has a Cronbach's alpha value of 0.80. The tests were translated to the Malay language and comprised of 20 multiplechoice questions, distributed evenly to five dimensions (hypothesis identification, induction, deduction, explanation, and evaluation of arguments). Each question consisted of a statement followed by three multiple-choice answers. An example from the evaluation of arguments dimension is as follows:
''Do you think universities should teach more about non-renewable energy?'' View one: Yes, universities should teach more, decades ago the world was built to run on non-renewable energy, it is advised not to update our energy infrastructure and keep using old methods.
View two: No, universities should not teach more, research shows that the resources of renewable energy never run out, can always be replenished, and it helps us by making our lives healthier by reducing the pollution in the environment. thinking capabilities. The critical thinking test was reviewed by a panel of three experienced elementary science teachers in order to check its validity.
The questionnaire for learning motivation was adapted from a measure proposed by [39] which has a Cronbach's alpha value of 0.88. The questionnaire was translated into the Malay language and consisted of 7 items (e.g., ''It is important for me to learn what is being taught in the science course '' and ''I like what I am learning in the science course'') with a five-point Likert rating scale where ''5'' stands for ''Strongly agree'' and ''1'' stands for ''Strongly disagree''.
The self-efficacy for science learning was adapted from [40] , [41] , the former had a Cronbach's alpha value of 0.80, while the latter had a value of 0.78. The questionnaire was translated into the Malay language and consisted of 8 items (e.g., ''I am sure that I can learn science'' and ''I can get a good grade in science'') with a five-point Likert rating scale where ''5'' stands for ''Strongly agree'' and ''1'' stands for ''Strongly disagree''.
C. EXPERIMENTAL PROCEDURE
The procedure of the experiment is shown in Fig 3. At the beginning of the intervention, the pre-test and learning motivation pre-questionnaire were administered to students in both groups.
During the learning activity, learners in the intervention group actively engaged with the proposed gaming application collaboratively in teams of two players for six sessions, each of 40 minutes while students in the comparison group received their instruction via the traditional method of teaching. It should be noted that although students were guided separately under two different learning strategies, the content of both methods was the same.
When the learning activities were completed, students from both groups took the post-test which aimed to assess their critical thinking skills and filled the post-questionnaires of learning motivation, and self-efficacy for science learning. 
V. RESULTS

A. ANALYSIS OF CRITICAL THINKING
The goal of the present study was to evaluate the effectiveness of Ecoship Endeavour in terms of improving students' critical thinking skills. Calculations of the skewness and kurtosis of the pre-critical thinking tests showed no violations of normality in the distributions of the critical thinking test. The means and the standard deviations of the pre-test results were 12.44 and 2.87 for the experimental group and 11.89 and 2.13 for the control group. The t-test result (t= −1.213, p >.05) demonstrates that there is no significant difference amongst the students; as a consequence, it is concluded that students from both groups had equivalent prior critical thinking abilities before engaging in the learning activity, as described in table 2.
After the learning activity, the Analysis of Covariance (ANCOVA) was implemented to test the difference between the experimental and control groups by employing the pre-test scores as the covariate and the post-test scores as the dependent variables, as described in table 3. The adjusted means and standard error of the post-test scores were 14.43 and 0.373, respectively for the experimental group, and 11.08 and 0.365 for the control group. According to the results (F = 40.97, p < 0.001), a significant difference was identified between the experimental and control groups. In other words, students guided by Ecoship Endeavour demonstrated significantly better critical thinking skills than those who learned with the traditional method of science teaching.
Additionally, Fig 4 shows the effects of the educational computer game and the lecture-based teaching format on the means of individual critical thinking subsets of both groups.
B. ANALYSIS OF LEARNING MOTIVATION
Calculations of the skewness and kurtosis of the premotivation for learning questionnaires showed no violations of normality in the distributions of learning motivation. samples t-test of the learning motivation pre-questionnaire. The means and standard deviations were 4.14 and.542 for the experimental group and 4.11 and.530 for the comparison group. The t-test results (t= −.301, p>.5) demonstrate that the difference between students from both groups did not reach the point of statistical significance, showing that students in both groups had equivalent learning motivation before engaging in the learning activity.
After the learning activity, students' ratings of the learning motivation post-questionnaire were analyzed using ANCOVA. Table 5 shows the results of the ANCOVA. The means and standard error for the experimental group were 4.15 and.714, and 3.97 and.667 for the comparison group. Students' responses to the learning motivation post-questionnaire revealed no significant difference (F= 2.15, p >.05), implying that the learning motivation of students who learned with the proposed DGBL application was not significantly higher than those who received their instruction via the traditional method of teaching.
C. ANALYSIS OF SCIENCE SELF-EFFICACY
Calculations of the skewness and kurtosis of the pre-test self-efficacy for science learning questionnaire showed no violations of normality in the distributions of learning self-efficacy for science. The study analyzed the differences between the ratings of self-efficacy for science learning questionnaire using the paired-sample t-test. Table ( 6) shows that in the experimental group, there was no significant difference between the pre-and post-assessment score ratings. Similarly, there was no significant difference between the pre-and postassessment score ratings in the comparison group. In other words, the test did not affect the perception of self-efficacy for science learning in either group.
VI. DISCUSSION AND CONCLUSION
In this paper, an educational computer game called Ecoship Endeavour was developed based on the guidelines of the ICMDCR framework to promote students' critical VOLUME 7, 2019 thinking. An experiment was conducted on the units of ''food relationship among living things'', ''plants characteristics'', and ''energy'' to test the instructional effectiveness of the DGBL method. Findings suggest that the proposed game improved students' critical thinking; moreover, it was revealed that students in the intervention group who received their instructions via the proposed educational computer game developed with the ICMDCR framework did not significantly outperform their counterparts in the comparison group who learned with the traditional method of teaching in regards to their self-efficacy to learn science, or in their learning motivation.
The experimental results confirm the findings of [24] , [25] who recognized gaming as an activity that could foster students' capacity to think critically in the area of science.
In terms of learning motivation, the feedback of students to the questionnaires differs from what has been reported by previous research studies, namely that educational computer games can foster students' learning motivation in comparison to the traditional method of teaching, or other technology-enhanced learning methods [19] , [42] , [43] . However, the findings of this study with respect to learning motivation support a similar observation made by [44] who found that DGBL had no significant effects on students' extrinsic and intrinsic motivation. The same result was also supported by the findings of a meta-analysis synthesized by [45] who concluded after reviewing 39 articles that DGBL applications are less motivational than the conventional method of teaching. Similarly, students' ratings to the self-efficacy for science learning questionnaires contradict what has been reported by previous researchers such as [46] , who argued that using DGBL applications could facilitate students' self-efficacy for science learning.
A plausible explanation for the non-significant effects of the proposed DGBL method is that although the game measured students' learning motivation and self-efficacy for science learning, the game utilized in this study was not designed to foster their motivation and self-efficacy in science; this assumption is similar to the one made by [47] . In addition, the non-significant effects of the proposed gaming method could be attributed to the controlled environment of the classroom; a similar view has been shared by previous scholars [47] , [48] , who reported that students' motivation is likely to diminish due to the limited freedom afforded by the classroom setting.
Furthermore, the results regarding learning motivation and self-efficacy for science are reasonable since the whole research sample in this study was composed of females; hence the outcomes are corroborated by the findings of other scholars who have pointed out that there is a gap between males and females in the domain of technology and science. For example, in [49] it was stated that females hold a less positive attitude toward computers, whereas males demonstrate greater persistence in science and technology [50] , motivation and enjoyment toward computer games [51] and higher engagement [52] , [53] .
Although the proposed approach improved learners' competencies for critical thinking in elementary science, it has a notable limitation, that is, the absence of male participants. Future studies are highly encouraged to be more inclusive and engage male learners to fully understand the potential instructional benefits of the proposed approach in facilitating critical thinking. Furthermore, it would be interesting to carry out additional studies with larger research samples and for longer periods of time to examine the academic value of the proposed DGBL approach in promoting students' critical thinking in comparison to other technology-enhanced learning methods. With regard to threats to the validity of the results, the present study did not take students' prior knowledge of technology and computer games into account when assessing their critical thinking skills. It is expected that the findings gathered in this paper will help teachers assess the empirical effectiveness of educational computer games in promoting learners' critical thinking. 
